1. Introduction {#sec1-brainsci-10-00283}
===============

Motivation is a concept composed of various constructs such as goals, self-schemas, and interests \[[@B1-brainsci-10-00283]\]. Motivation, as a necessary element to the pursuit of a goal, is frequently reduced to goal-directed behaviors such as effort put forth into actions performed to obtain the expected results \[[@B2-brainsci-10-00283]\]. While motivation can trigger an activity, it is also used to perpetuate the same activity over periods of time \[[@B3-brainsci-10-00283]\]. In cognitive neuroscience, motivation is defined as neural representations of expected outcomes that predict decisions regarding effort investment \[[@B2-brainsci-10-00283]\]. In this way, motivation is strongly related to the anticipation of emotions and, more precisely, is influenced by the expected emotional consequences of one's decision \[[@B4-brainsci-10-00283]\]. Based on these definitions, several methods of evaluating motivation have been developed via psychometric testing and laboratory tasks. While self-reports measure a relatively stable characteristic, they are subjective and cannot be directly connected to biological models of motivation. In comparison, laboratory tasks allow for an objective tool to correlate the behavior with the biological information collected.

1.1. Previous Neuroimaging Studies on Motivation {#sec1dot1-brainsci-10-00283}
------------------------------------------------

Several previous studies using different effort tasks, both cognitive and physical, showed the involvement of the insula and prefrontal cortex in motivational processes \[[@B5-brainsci-10-00283],[@B6-brainsci-10-00283],[@B7-brainsci-10-00283],[@B8-brainsci-10-00283]\]. Insula activation has been demonstrated to be involved in processing response costs \[[@B9-brainsci-10-00283]\] and reward-dependent prediction errors \[[@B10-brainsci-10-00283]\]. More specifically, in an effort-based decision-making task, the insula codes the anticipated expense of energy \[[@B11-brainsci-10-00283]\]. The ventromedial prefrontal cortex (vmPFC) is involved in the decision-making process between two positive results and the associated predictions \[[@B12-brainsci-10-00283]\]. Reflecting the output of a choice comparison process \[[@B13-brainsci-10-00283]\] between different positive conditions to gain the greater reward \[[@B14-brainsci-10-00283]\], the primary value of the vmPFC process is in the guidance or motivation of the execution of a behavior \[[@B5-brainsci-10-00283]\]. The insula, on the other hand, is primarily involved in weighing the cost of the expected value by accounting for the effort to be made \[[@B5-brainsci-10-00283]\]. Dopaminergic manipulation coupled with positron emission tomography scan (PET scan) has previously implicated a mediating role in motivation and cost/benefit decision-making in the insula, striatum, and prefrontal cortex \[[@B15-brainsci-10-00283]\]. Further investigations on various clinical populations known for their motivational impairment corroborate the role of the striatal region in the motivational process \[[@B16-brainsci-10-00283],[@B17-brainsci-10-00283]\], lending a common base to the same deficit displayed in different disorders. The recording of cerebral activity at rest, as measured by electroencephalography (EEG), showed that subjects who had a heightened propensity to effortful behavior had greater left frontal lobe activity \[[@B18-brainsci-10-00283]\]. In accordance with the approach-avoidance motivation systems \[[@B19-brainsci-10-00283]\] and their lateralization, the left prefrontal cortex is associated with the pursuit of approach-related goals \[[@B20-brainsci-10-00283]\], suggesting that participants with increased left frontal lobe activity would be more willing to expend a greater effort in the pursuit of larger rewards \[[@B18-brainsci-10-00283]\]. While the neural structures involved in motivational processes occurring during effort expenditure for a reward have been investigated, the temporal sequence of these responses to motivation has yet to be elucidated. Indeed, motivation is a dynamic construct with various successive, interrelated processes occurring close together. Neither functional magnetic resonance imaging (fMRI) \[[@B5-brainsci-10-00283],[@B6-brainsci-10-00283],[@B7-brainsci-10-00283],[@B8-brainsci-10-00283]\], PET scan \[[@B15-brainsci-10-00283]\], nor resting state activity at the EEG \[[@B18-brainsci-10-00283]\] allows for the distinction to occur with sufficient temporal resolution cerebral structures to determine each cognitive step. Since motivation is strongly associated with the reward experience, the temporal course of motivation can be measured by focusing on reward processing. The complex reward construct is characterized by distinct processes, namely outcome processing, reward learning, and reward anticipation \[[@B21-brainsci-10-00283],[@B22-brainsci-10-00283]\]. Using neuroimaging methods with high temporal resolution may, therefore, be helpful in distinguishing the role of motivation in each process. The advantage provided by the millisecond temporal resolution of event-related potentials (ERP) may be particularly relevant in exploring the dynamic aspects of the motivational process while limiting confusion with other processes. Whereas behavioral performances bring motivational information in terms of global costs that subjects are willing to overcome, an ERP analysis allows the ability to examine other aspect of motivation, such as the anticipation of emotions and impact on outcome processing \[[@B4-brainsci-10-00283]\].

Previous studies have suggested that several ERPs may be closely related to motivation. The first one is the stimulus preceding negativity (SPN), a non-motor expectancy wave that precedes a relevant stimulus during which a non-motor response was required \[[@B23-brainsci-10-00283]\]. More precisely, SPN has been described as a slow cortical potential that becomes negative in anticipation of relevant events and reflects anticipatory attention \[[@B24-brainsci-10-00283]\]. The SNP has also been interpreted as an anticipation of the affective motivational valence of stimuli, with the largest amplitude occurring in anticipation of one relevant stimulus \[[@B24-brainsci-10-00283],[@B25-brainsci-10-00283]\]. Given the temporal course of the SPN, this potential appears to be associated to the reward anticipation, or more precisely the "wanting" \[[@B21-brainsci-10-00283]\], reflecting the neural representation of the reward anticipation, with the insula identified as the main generator \[[@B26-brainsci-10-00283],[@B27-brainsci-10-00283],[@B28-brainsci-10-00283],[@B29-brainsci-10-00283]\] of this potential. The second ERP is the P300, a positive ERP peaking between 300-600 ms post-stimulus with largest amplitude at centro-parietal scalp sites \[[@B30-brainsci-10-00283]\]. P300 is frequently associated with motivation \[[@B31-brainsci-10-00283]\], with an amplitude described as proportional to the motivational level \[[@B32-brainsci-10-00283],[@B33-brainsci-10-00283],[@B34-brainsci-10-00283],[@B35-brainsci-10-00283],[@B36-brainsci-10-00283]\]. The P300 occurs following the reward and is associated to the reward outcome and its hedonic impact \[[@B21-brainsci-10-00283]\].

1.2. Evaluation Methods {#sec1dot2-brainsci-10-00283}
-----------------------

Previous neuroimaging studies on motivation have used various laboratory tasks. In laboratory tasks, the construct of motivation must be converted in terms of a measurable, assessable behavior, such as the effort to obtain rewards. Various designs have been created to evaluate motivation as effort-based decisions, with many falling into the categories of "HandGrip" tasks \[[@B37-brainsci-10-00283],[@B38-brainsci-10-00283]\], "Button Press" tasks \[[@B39-brainsci-10-00283],[@B40-brainsci-10-00283],[@B41-brainsci-10-00283]\], or cognitive tasks \[[@B42-brainsci-10-00283]\]. The Effort-Expenditure for Rewards Task (EEfRT) is the most frequently used of the Button Press tasks and was originally created to study motivation deficits in individuals diagnosed with neuropsychiatric disorders \[[@B39-brainsci-10-00283]\]. The EEfRT is a multi-trial task in which participants are asked to choose between two options, one easy and one difficult, as a function of the magnitude of the monetary reward and the probability of receiving the reward if the task is successfully completed \[[@B39-brainsci-10-00283]\]. It is important to note that the difficulty of the task is related to a physical effort and therefore does not involve any cognitive processes beyond the motivation to complete the task. More specifically, in the EEfRT, subjects must evaluate various costs such as effort, uncertainty, and delays, with the intention of promoting behaviors that may yield larger rewards. The choice of manipulating probability during the EEfRT is motivated by the notion that probability is sensitive, like other costs, to dopaminergic functioning \[[@B43-brainsci-10-00283],[@B44-brainsci-10-00283]\]. Consequently, the proportion of difficult choices, reported to the probability condition, is designed to reflect motivational level. In EEfRT, subjects who choose the difficult option at low probability conditions are considered to be highly motivated as they are willing to overcome a greater cost. The EEfRT was primarily developed to evaluate motivational dysregulation in clinical populations \[[@B45-brainsci-10-00283]\] and its use has been validated on several different populations such as those with mood disorders \[[@B46-brainsci-10-00283]\], schizophrenia \[[@B47-brainsci-10-00283]\], obesity \[[@B48-brainsci-10-00283]\], and in cannabis users \[[@B49-brainsci-10-00283]\], demonstrating its acceptability.

1.3. Study Rationale {#sec1dot3-brainsci-10-00283}
--------------------

The current study adapted the EEfRT to ERP recordings to explore the dynamic and temporal aspects of motivation in healthy volunteers. Our preliminary step was to check that this adaptation remains a para-clinical evaluation tool and that changes made for ERP recordings would not alter the task or the performance of the EEfRT. Following that step, the primary objective was to validate the presence of the P300 and SPN during outcome processing and to identify the specificities of each component. We also sought to investigate the relationship of their amplitudes to the motivation measured during the EEfRT. For comparison, we also analysed the Feedback Related Negativity (FRN), which is associated with the early outcome processing. This ERP affirmed the early processing of outcomes on the basis of a binary classification of good or bad outcomes \[[@B36-brainsci-10-00283],[@B50-brainsci-10-00283],[@B51-brainsci-10-00283]\]. Using high-resolution electroencephalography technology, we also sought to identify the brain structures involved in ERP generations, especially the insula which has been suspected in the generation of the SPN. This study will help better understand individuals' motivation impairment in a natural setting, before continuing the investigation in pathological populations. The adaptation of ERP recording would allow a more complete, neurophysiological understanding of the role of motivation in effort-based decision making while focusing on the reward anticipation with the SPN and reward processing with P300.

2. Methods {#sec2-brainsci-10-00283}
==========

2.1. Participants {#sec2dot1-brainsci-10-00283}
-----------------

Twenty healthy male volunteers were recruited to participate in the current study (mean age 23.7 ± 3.2 years). All were right-handed (assessed with the Handedness Questionnaire of Oldfield, 1971) and over 18 years old. No participants had any previous medical history of psychiatric disorders, substance abuse, alcohol abuse, neurological diseases, traumatic brain injury, or stroke nor were any participants taking any medication at the time of the study. The presence and intensity of anhedonia were evaluated on all participants with the Chapman Anhedonia Scale, which assess physical and social anhedonia (average: 14 ± 4.3 and 7.2 ± 4.4, respectively) and the Snaith-Hamilton Pleasure Scale (SHAPS) was used to assess the hedonic response (average: 13 ± 0.9). These scores preclude the presence of any form of anhedonia in our participants. In addition, participants completed the Big Five Inventory-French (BFI-Fr) to control for the impact of personality traits on performance \[[@B52-brainsci-10-00283]\]. All participants were compensated for their participation. Furthermore, every patient provided written informed consent prior to enrolment. The study procedures were clearly explained to the participants and they were given the opportunity to ask questions. All methods were performed in accordance with the relevant guidelines and regulations and all methods were approved by the Ethics Committee of Besançon University Hospital (authorization given by the General Health Administration (ANSM 2016-A00870-51)).

2.2. Experimental Task and Measurements {#sec2dot2-brainsci-10-00283}
---------------------------------------

The experiment began with a calibration phase, consisting of determining the maximum number of button presses participants were able to perform in 7 s with the index finger of their right hand and in 14 s with the auricular finger of the left hand, allowing for personalization of the difficulty of the EEfRT \[[@B53-brainsci-10-00283]\].

The EEfRT was modified based on the original version \[[@B39-brainsci-10-00283]\] and adapted for ERP analysis. The goal of the EEfRT is to win as much money as possible by completing either easy or hard tasks. Each task is selected as a function of the amount of money that can be won if the task is completed and the probability of receiving the reward when the task is completed.

In the adaptation used in the current study, the number of trials was fixed to 120. To complete the easy task, participants had to execute 70% of their maximum number of buttons presses obtained with the right index finger in the calibration phase within a limited time of 7 s. When the easy task was completed, participants were eligible to win 1 EUR. For the hard task, participants were required to execute 90% of their maximum number of buttons presses obtained in the calibration phase with the auricular finger of the left hand within the limited time of 14 s. The time assigned for the completion of the hard task was reduced compared to the original task (21 s) in order to compensate for the increased number of trials, which increase the study time. When the hard task was completed, participants were eligible to win an amount of money in a range of 1.5, 3, 4.5, or 6 EUR. Probabilities to win the money when the task was completed were of 10%, 50%, or 90%. These probabilities applied to both the hard task and the easy task and were distributed in equal proportions across the experiment.

[Figure 1](#brainsci-10-00283-f001){ref-type="fig"} outlines the detailed trial sequence of our adaptation of the EEfRT. During the task, trials occurred according to the following steps: for 1 s, a first screen indicated the probability to receive the money after completion (10%, 50%, or 90%) and the amount of money at stake for an easy effort (invariably 1 EUR) and a hard (1.5, 3, 4.5, or 6 EUR) effort. A circle then appeared on the screen and participants were required to choose between the easy and the hard task. After the selection, participants had to quickly press buttons to fill a bar before their time ended. If they succeeded, a cross appeared on the screen for 1 s, followed by a feedback screen of 2 s indicating if the money was won (green square) or lost (red square) for that particular trial (reward screen). If they failed, a red square appeared on the screen for 2 s.

This adaptation of the EEfRT was programmed in E-prime (Psychology Software Tools Inc.; Sharpsburg, PA, USA). The probability and amount of order was randomized across participants. To ensure task comprehension, subjects received oral instructions and were provided with a series of task instruction, followed by a few practice trials prior to starting the experiment.

2.3. Data Acquisition {#sec2dot3-brainsci-10-00283}
---------------------

EEG signals were recorded using a 256 channel Geodesic Sensor Net (Electrical Geodesics Inc.; EGI, Eugene, OR, USA). All channels were referenced to the vertex (Cz) and collected with a high impedance amplifier, Net Amp 300 amplifier (Electrical Geodesics) using Net Station 4.5 software (Electrical Geodesics). Data were recorded continuously with a high-pass filter at 1 Hz and a sampling rate at 1000 Hz. Subjects were instructed to limit body movements, eye blinks, and muscular contractions during task selection and reward feedback.

2.4. Data Analysis {#sec2dot4-brainsci-10-00283}
------------------

EEG data analysis was performed using Cartool Software 3.55 \[[@B54-brainsci-10-00283]\]. Raw EEG data were re-referenced offline to a common average reference. Analyses were conducted on the interval around the reward screen for two intervals. The first temporal interval, computed for easy and hard tasks, was related to the SPN. Epochs of 700 ms (500 ms prior to the outcome to 200 ms after) were extracted from the raw data, with a baseline correction of 100 ms applied prior to the selection of an easy or hard task by the participant. The SPN was defined as the mean voltage within 200 ms prior to the reward feedback \[[@B55-brainsci-10-00283]\]. In the second temporal interval, epochs of 700 ms (100 ms prior to reward feedback to 600 ms following reward feedback) were extracted from the raw data and analyzed, with a baseline correction between 100 ms applied before the feedback to the onset of the feedback (100 ms to 0 ms). The P300 was defined as the mean voltage between 290 to 410 ms, based on grand averages of ERPs for "rewarded" and "not rewarded" conditions. An additional analysis of the FRN, defined as the mean voltage from 240 to 290 ms, was conducted.

For all ERPs, a band pass filter was applied between 1 to 30 Hz and a notch filter was applied at 50 Hz to remove environmental artifacts. A semi-automatic artifact rejection method was used, with a fixed criterion of ±100 µV. Remaining epochs were visually inspected, manually removing those containing blinks, eye movements, or other sources of transient noise from the analysis, using a restrictive approach. The average percentage of easy and hard trials rejected for the analysis of the SPN was, respectively, 43% and 47%. The average percentage of win and loss trials rejected for the analysis of the P300 was, respectively, 36% and 39%. Electrodes with an aberrant signal (excessive noise due to malfunctioning or a bad signal during data collection) were interpolated using a three-dimensional spline algorithm (average: 4.67% interpolated electrodes \[[@B56-brainsci-10-00283]\]). Based on the previous literature on feedback processing, six central electrodes (Fpz, Fz, FCz, Cz, CPz, Pz) were chosen for analysis \[[@B50-brainsci-10-00283],[@B51-brainsci-10-00283],[@B57-brainsci-10-00283],[@B58-brainsci-10-00283],[@B59-brainsci-10-00283],[@B60-brainsci-10-00283],[@B61-brainsci-10-00283]\].

2.5. Source Imaging {#sec2dot5-brainsci-10-00283}
-------------------

Source localization was applied using a distributed linear inverse solution based on a Local Auto-Regressive Average (LAURA) model, comprising a solution space of 3005 nodes to estimate the brain regions in response to the different electrocortical map configurations. The current distribution was calculated within the grey matter of the average brain provided by the Montreal Neurological Institute (MNI).

Source reconstruction was performed for the SPN and the P300 to accurately determine the neural sources of motivational states. The entire brain response was analyzed and brain regions showing differences in activity between the anticipation of an easy and a hard task (for the SPN), as well as between a reward and an absence of reward (for the P300), were compared during their respective time windows.

3. Results {#sec3-brainsci-10-00283}
==========

3.1. Behavioral Results on the EEfRT {#sec3dot1-brainsci-10-00283}
------------------------------------

Participants' press rate was, on average, 83 (±11) on the difficult task and 40 (±5) on the easy task. There was an average of 11.3 (±11.0) and 2.6 (±2.6) non-completed trials on the difficult and the easy tasks, respectively. Individual measures of difficulty were adapted to each participant, because the number of button presses on the difficult task was not found to be associated with to the number of completed trials (*r~s~* = 0.31, *p* = 0.17), nor to the number of times participants had selected the difficult task (*r~s~* = −0.02, *p* = 0.94) at the end of the EEfRT.

[Table 1](#brainsci-10-00283-t001){ref-type="table"} shows the average number (±standard deviation) of wins and losses for the different probabilities of the easy and hard tasks. Consistent with previous studies using the original version of the EEfRT, reward magnitude strongly impacted the selection of task's difficulty, as indicated by a one-way repeated measures ANOVA with amount (1.5, 3, 4.5, or 6 EUR) as a within subject factor and the number of hard choices as the dependent variable (*F*(3,57) = 165.726, *p* \< 0.0001). The higher the reward, the more likely participants were to try to win the reward by selecting hard choices. This effect was statistically significant across all conditions (*p* \< 0.0001 for all, Bonferroni corrected), except between 4.5 and 6 EUR (*p* = 0.25).

A significant relationship was also observed between the probability to win the money upon completion of the task and the selection of task difficulty, as shown by a one-way repeated measures ANOVA with probability (10%, 50%, or 90%) as a within subject factor and the percentage of hard choices as the dependent variable (*F*(2,38) = 140.329, *p* \< 0.0001) (see [Figure 2](#brainsci-10-00283-f002){ref-type="fig"}). Significant differences in the proportion of hard choices were present across all probability conditions (all Bonferroni corrected *ps* \< 0.0001). For a high probability of gain, the proportion of hard choices was significantly higher than for an equal or a low probability of gain. While the proportion of hard choices was significantly higher than the proportion of easy choices for a high probability of gain and lower for a low probability of gain (both Bonferroni corrected *ps* \< 0.0001), there was no difference when there was an equal probability of gain (50%). It is at this probability that the largest variability was observed among participants, with the proportion of hard choices ranging between 10% and 75% (see [Figure 2](#brainsci-10-00283-f002){ref-type="fig"}).

A strong marker of motivational state was indicated by measuring the proportion of hard choices the participants selected. Namely, a strong relationship was found between the total amount of money participants attempted to win and the proportion of hard choices at 10% (*t*(18) = 7.64, *p* \< 0.0001) and 50% (*t*(18) = 8.99, *p* \< 0.0001, see [Figure 2](#brainsci-10-00283-f002){ref-type="fig"}). No such relationship was found when evaluating the proportion of hard choices at a probability of 90% (*t*(18) = 0.31, *p* = 0.76, see [Figure 2](#brainsci-10-00283-f002){ref-type="fig"}).

Self-rating scales failed to demonstrate a difference in hedonic responses and in the presence of anhedonic symptoms. There was no correlation found between behavioral performances and scores on either the Chapman Anhedonia Scale \[[@B62-brainsci-10-00283]\] or the Snaith-Hamilton Pleasure Scale (SHAPS) \[[@B63-brainsci-10-00283]\]. In addition, there was no correlation between behavioral performances and any of the personality traits evaluated with the Big Five Inventory-French (BFI-Fr) \[[@B52-brainsci-10-00283]\].

3.2. ERP Results on the EEfRT {#sec3dot2-brainsci-10-00283}
-----------------------------

### 3.2.1. Reward Anticipation {#sec3dot2dot1-brainsci-10-00283}

To determine whether the anticipation of the reward was different following the selection of an easy or a hard task, SPN data were analyzed using a repeated measures ANOVA, with repeated measures variables being difficulty (easy/hard) and electrodes (FPz, Fz, FCz, Cz, CPz, Pz). Analysis of the SPN demonstrated a main effect of difficulty on the amplitude of the SPN (*F*(1,19) = 5.38; *p* = 0.03), with a more negative response for hard choices ([Figure 3](#brainsci-10-00283-f003){ref-type="fig"}). No interaction was found between the variables difficulty and electrodes (*F*(5,95) = 1.50; *p* = 0.24).

Source reconstruction revealed a main activation in the vicinity of the anterior insula and the lateral prefrontal cortex, as well as an activation of the right temporo-parietal area ([Figure 3](#brainsci-10-00283-f003){ref-type="fig"}C). Because the insula is well known as the main generator of the SPN \[[@B26-brainsci-10-00283],[@B27-brainsci-10-00283],[@B28-brainsci-10-00283],[@B29-brainsci-10-00283]\], we made the hypothesis that the main activation observed was originating from this area, with an approximation due to the low spatial resolution of LAURA. To focus on the insula, Cartool software offers the opportunity to select a list of Talairach regions and generates a group of solution points (nodes) that fit within each of the named regions. Activations of the insula were compared following an easy and a hard task within the time window of the SPN. To allow current density measures (indicating activation strength in µA/mm^3^) to be extracted from the insula, the inverse solution was estimated for the group of solution points for each time window of interest. A source analysis performed on the same time window as the SPN revealed a main effect of difficulty on the amplitude of the insula (*t*(19) = −4.19; *p* \< 0.001).

### 3.2.2. Outcome Processing {#sec3dot2dot2-brainsci-10-00283}

A repeated measures ANOVA was used to analyze the processing of the outcome for both the FRN and the P300, with repeated measures variables being outcome (win/no win) and electrodes (FPz, Fz, FCz, Cz, CPz, Pz).

The P300 analysis demonstrated a main effect of the outcome (*F*(1,19) = 7.47; *p* = 0.01), with a more negative response when participants received no reward. No interaction was found between the variables outcome and electrodes (*F*(5,95) = 1.05; *p* = 0.36). Source localization performed on the P300 revealed that more negative signals observed in the absence of a reward emerged primarily from the vmPFC (see [Figure 4](#brainsci-10-00283-f004){ref-type="fig"} C). Source analysis comparing the activity of the vmPFC (specifically the bilateral rectal and mid orbital gyri) after a reward and an absence of reward in the time window of the P300 did not yield a significant difference (*t*(19) = 1.04; *p* = 0.31).

The analysis of the FRN demonstrated a main effect of the outcome (*F*(1,19) = 44.3; *p* \< 0.00001), with neural responses being more negative after a loss than after a win. There was also a trend showing a more negative FRN for the most central electrodes (*F*(5,95) = 3.19; *p* = 0.06 after Greenhouse--Geisser adjustment).

We also tested the difficulty's effect on the processing of the outcome with a repeated measures ANOVA on the time frame of the P300, with repeated measures variables being difficulty (easy/hard) and electrodes (FPz, Fz, FCz, Cz, CPz, Pz). Neither a main effect of the difficulty (*F*(1,19) = 1.22; *p* = 0.27) nor on interaction between difficulty and electrodes (*F*(5,95) = 1.43; *p* = 0.21) were found.

3.3. Relationship between Behavioral and Electrophysiological Results {#sec3dot3-brainsci-10-00283}
---------------------------------------------------------------------

With an exploratory approach, we aimed to assess the relationship between behavioral and electrophysiological motivational data. We compared amplitudes during outcome anticipation (SPN and insula) and outcome processing (P300) with the behavioral indicators of participants' effort in decision making, the amount of money they finally won, and the percentage of difficult choices.

The total amount of money was positively correlated to both the activity of the insula (the difference between an easy and a hard task) during outcome anticipation (*t*(18) = 2.70, *p* = 0.01) and the activity over the electrode Pz (the difference between positive minus negative outcomes) during information processing (*t*(18) = 2.16, *p* \< 0.05). In addition, we examined whether there was a significant relationship between the total amount of money and the activity of the FRN (difference between a reward and no reward); however, there were no significant correlations (all *ps* \> 0.05).

Since we observed that, at a behavioral level, the proportion of hard choices selected by participants at both 10% and 50% may be a reliable indicator of participants' motivational state, we postulated that it may be related to the activity of the insula and/or the P300. We also observed a strong relationship between the percentage of difficult choices (easy/hard) at a probability of 10% and the amplitude of P300 after both a positive (*t*(18) = 3.29, *p* = 0.004) and a negative (*t*(18) = 2.84, *p* = 0.01) outcome on Cz.

4. Discussion {#sec4-brainsci-10-00283}
=============

The primary goal of the current study was to explore the neural dynamic of motivation using an adaption of the EEfRT on the analysis of ERPs. Based on previous studies suggesting that both the SPN and P300 may be reliable markers of motivation, the present study aimed to confirm this notion by evaluating their time course as well as the direct relationship between these ERPs and the physical effort made to obtain a reward.

The first step was to validate that the adapted EEfRT produced similar results as the original version. As expected \[[@B39-brainsci-10-00283]\], we observed that the probability to receive the reward strongly impacted the decision to select easy or hard choices; the higher the probability to get the reward, the higher the proportion of hard choices and, conversely, the lower the probability to get the reward, the higher the proportion of easy choices. Similarly, when there was a middle probability to receive the gain, there was no significant difference in the selection of choice difficulty, with subjects demonstrating a greater heterogeneity in their choices under this condition. The proportion of hard choices made when there was a low or middle probability of gain was strongly related to the total amount of money at the end of the experiment, but not when there was a high probability of gain. These results are in accordance with previous studies of pharmacologically induced motivation by d-amphetamine \[[@B64-brainsci-10-00283]\]. Indeed, an administration of d-amphetamine has been shown to enhance the number of difficult choices in both the middle and low probability conditions in healthy subjects \[[@B64-brainsci-10-00283]\]. Here, we did not observe any correlation between anhedonia scores and the proportion of hard choices, likely due to our healthy populations and the overall low scores for this psychometric test. These differences suggest that the middle probability condition may be more sensitive to detect a pathological lack of motivation, whereas the low probability condition is more likely to better discriminate between subjects as a function of the strength of their motivation. These behavioral results confirmed that the few changes in the EEfRT, adapted for its ERP analysis, did not alter expected behaviors and measures in an equal manner to the effort-based decision making.

That participants were required to perform at a higher effort to obtain a greater reward at the EEfRT imparts a high motivational valence. A major issue to consider in the exploration of the neural representations of the motivation to get a reward is that the outcome process is composed of several dimensions, including reward anticipation, outcome processing, and reward learning \[[@B21-brainsci-10-00283],[@B22-brainsci-10-00283]\]. The current study looks more deeply at the SPN as a function of reward anticipation. In accordance with previous studies showing that the possibility to receive desirable outcomes induces a greater anticipatory negativity \[[@B25-brainsci-10-00283]\], the current study demonstrated that the SPN was more negative for difficult choices compared to easy choices. Since there was a higher potential reward, it is likely that participants were more hopeful to obtain the desirable outcome. Therefore, this larger negativity during the outcome anticipation following a difficult choice neurophysiologically induces a greater level of motivation. The previous literature has demonstrated that these variations of amplitude not only reflect a modulation of attentional processes, but are primarily controlled by emotions \[[@B65-brainsci-10-00283],[@B66-brainsci-10-00283]\].

The current study confirmed that the insula was concomitantly activated during the generation of the SPN. Previous studies have shown that the SPN provided temporal information on neocortical processes underlying the expectation \[[@B28-brainsci-10-00283]\] and have identified the insula as the main generator \[[@B26-brainsci-10-00283],[@B27-brainsci-10-00283],[@B28-brainsci-10-00283],[@B29-brainsci-10-00283]\]. Furthermore, activity of the anterior insula has previously been associated with both effort discounting and prediction error signals \[[@B67-brainsci-10-00283]\]. The right anterior insula, in particular, appears to be a critical structure for awareness of visceral sensations \[[@B26-brainsci-10-00283]\], which may explain why insula activity was increased in subjects earning a larger amount of money at the end of the experiment. Therefore, it is plausible that the previously identified insula does, indeed, play a role in coding the anticipated expense of energy \[[@B11-brainsci-10-00283]\]. The insula is not only involved in the development and updating of motivational states, but also in cognitive control tasks as well as some tasks that elicit affective processing \[[@B68-brainsci-10-00283]\]. Consequentially, the insula has been frequently identified to make the link between affect and cognition. By utilizing psychometric controls, we were able to effectively the impact of personality traits on our results, as previous literature has identified personality traits as a potential bias \[[@B69-brainsci-10-00283],[@B70-brainsci-10-00283]\].

The P300 was the second ERP closely related to motivation that was analyzed. This potential occurs following the receipt of the outcome and, in this way, can reflect outcome processing and reward learning. In that respect, the P300 appears as a complement to the SPN. Consistent with previous research \[[@B71-brainsci-10-00283],[@B72-brainsci-10-00283],[@B73-brainsci-10-00283]\], processing a gain significantly altered the amplitude of the P300 compared to the absence of a gain, particularly on centroparietal electrodes \[[@B35-brainsci-10-00283],[@B72-brainsci-10-00283]\]. Since the amount of attention paid to the stimulus is believed to influence the P300 response \[[@B74-brainsci-10-00283]\], it has been suggested that motivation may increase the significance of relevant stimuli. More precisely, the P300 has been attributed to working memory processing following unexpected events \[[@B74-brainsci-10-00283],[@B75-brainsci-10-00283]\] and may reflect the adjustment of behavior \[[@B76-brainsci-10-00283]\]. Indeed, the P300 can provide a measure of participant engagement in the task. Moreover, a significant positive correlation was found between P300 amplitude and the proportion of difficult choices at the low probability condition, which we behaviorally described as the condition better suited to reflect the strength of motivation. The correlation between P300 amplitude and proportion of difficult choices at this low probability suggests that the P300 does not reflect the outcome processing only. Indeed, if the P300 amplitude was only correlated to the outcome processing, this should have been observed at the high probability condition. Motivation has been defined as a cognitive mechanism which generates a modification of other cognitive functions, such as attention and working memory \[[@B77-brainsci-10-00283]\]. As other studies have shown, it stands, then, that this component indicates a motivational level and is not just an indicator of outcome processing \[[@B31-brainsci-10-00283],[@B35-brainsci-10-00283],[@B36-brainsci-10-00283],[@B78-brainsci-10-00283]\]. Furthermore, P300 amplitude has been shown to be inversely correlated to motivation in a clinical population, such as apathy \[[@B79-brainsci-10-00283]\] or anhedonia \[[@B80-brainsci-10-00283]\]. Our results being exploratory, no adjustment for multiple correlation having been made, a replication on a larger sample of participants will be necessary to confirm such a relationship.

Another novel finding of this study is the confirmation that one of the generators of the P300 wave is located in the frontal region \[[@B73-brainsci-10-00283],[@B81-brainsci-10-00283],[@B82-brainsci-10-00283]\], more precisely in the vmPFC during loss processing. The vmPFC is a cerebral structure involved in the choice between two positive results and in their predictions \[[@B12-brainsci-10-00283],[@B83-brainsci-10-00283]\], more precisely in the decision between two appealing results \[[@B84-brainsci-10-00283]\]. In addition, attentional and motivational information is integrated into the vmPFC and are reciprocally modulated \[[@B85-brainsci-10-00283]\]. This activation reflects the evaluation of decision outcomes in order to adjust future behaviors accordingly \[[@B20-brainsci-10-00283]\].

In addition, we analyzed whether there was an FRN associated with the early processing of the result on the basis of a binary classification of good or bad outcomes \[[@B36-brainsci-10-00283],[@B50-brainsci-10-00283],[@B51-brainsci-10-00283]\]. We did not find any correlation between FRN amplitude and performances on the EEfRT. Without any motivational information, we confirmed the presence of an FRN that was associated to the early processing of the outcomes, with a larger amplitude after a loss than after a win \[[@B36-brainsci-10-00283],[@B50-brainsci-10-00283],[@B51-brainsci-10-00283]\].

As the current study evaluated motivation by focusing on the assumption that subject agrees to the overcome, several limitations need to be considered to evaluate these results. One limitation is that we averaged all easy and difficult choices, without consideration of the probability conditions, which are important given that the SPN is modulated by the magnitude of the outcome and the probability to receive the reward \[[@B25-brainsci-10-00283],[@B86-brainsci-10-00283]\]. Since participants were more likely to select easy choices at the low probability condition and more difficult choices at the high probability condition, the probability factor may have influenced the SPN. This bias is difficult to bypass in our design without substantially increasing the number of trials, which would be counterproductive, due to likelihood of fatigue or the imposition of choices to subjects. Indeed, the EEfRT adapted to the ERP was developed to eventually become a para-clinical evaluation tool. Although we acknowledge this bias, it does not change the motivational aspect of the SPN recorded in our participants. One other limitation needs to be addressed. As previously noted, in the EEfRT the costs to overcome include delay, probability and effort. Indeed, the same substance drives to overcome an increased global cost such as effort \[[@B87-brainsci-10-00283]\], probability to receive the reward \[[@B43-brainsci-10-00283]\], and temporal delay to receive it \[[@B88-brainsci-10-00283]\]. It is, however, necessary to precisely note that each type of cost involves specific cerebrals structures \[[@B11-brainsci-10-00283],[@B44-brainsci-10-00283],[@B89-brainsci-10-00283],[@B90-brainsci-10-00283]\]. In our paradigm, it is not the physical effort which is important, rather the global cost that subjects consented to overcoming. Unfortunately, we could not control the effect of the probability on FRN amplitude due to the limited number of trials in each condition, which limited the results. Some authors have previously described that the FRN may reflect prediction error and, in this way, could be impacted by probability \[[@B76-brainsci-10-00283]\]. More precisely, the FRN was affected by the risk, with a reduced amplitude for positive feedback conditions \[[@B91-brainsci-10-00283]\]. The lack of probability control on the FRN should therefore be considered as a limitation to our results. In addition, the effort expended may be influenced by the FRN and, more specifically, its avoidance could be influenced by reward processing \[[@B92-brainsci-10-00283]\]. However, our design is such that once the choice made, the effort associated with choosing cannot be avoided. The absence of influence of the task difficulty on its amplitude allowed us to conclude that only the SPN and P300 were specific to the motivation. One other potential limitation is that all participants in this study were young adult men, limiting the ability to expand these results to the whole population. However, a homogenic population provided for the ability to avoid confusion caused by gender, such as the menstrual cycle in female participants, which may influence emotional processing \[[@B93-brainsci-10-00283]\]. Finally, more technical aspects of the study may be considered as limitations. First, filtering parameters used in the present study are debated, some authors arguing that any high-pass filters \> 0.3 Hz should be avoided in ERP research \[[@B94-brainsci-10-00283]\]. We wanted to keep the same filters as in our previous studies \[[@B73-brainsci-10-00283]\], for comparison purpose. Second, the accuracy of source reconstruction could have been improved by digitizing the electrodes for each participant, or by reconstructing sources with participant's anatomical MRI. Third, figures from the present study suggest that FRN and P300 responses have different time latency in the frontal and parietal cortical areas. A reanalysis of ERP responses separately for frontal and parietal electrodes may then reveal how ERPs responses propagate when the outcome is processed.

In conclusion, we confirmed that both the SPN and the P300 are reliable neural markers of motivation. We were able to show that they are complementary and induce different aspects of motivation. While the SPN represents the strength of the motivational level or the willingness to make an effort, the P300 is associated with late feedback processing, reflecting the impact of motivation on updating memories of the feedback. Each ERP constitutes a potential target for the identification of endophenotypes in neuropsychiatric disorders. Indeed, EEfRT was primarily developed to evaluate the dysregulation of motivational processes, a key contributor to various psychopathologies \[[@B45-brainsci-10-00283]\]. In the future, coupling the ERP analysis to the EEfRT may allow a better understanding in various clinical populations given the same motivational impairment is associated with a similar or dissimilar cerebral activity.
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![Schematic diagram of a trial in the altered version of the EEfRT. 1. Begin with a cross fixation of 1 s; 2. Presentation of the probability to receive the reward associated with the amount of the reward for easy and hard effort conditions (1 s); 3. Circle of maximum 10 s for the selection of easy or hard effort; 4. Completion of the effort by button press; 5. Success screen; 6. Cross fixation of 1 s; 7. Reward feedback, the "rewarded" condition = green square and "not rewarded" condition = red square.](brainsci-10-00283-g001){#brainsci-10-00283-f001}

![Top left: Percentage of difficult choices according to the probability of gain. For each probability, individual performances are represented in addition to the mean percentage and its standard deviation. Other distributions represent the individual percentage of difficult choices as a function of the money participants attempted to win at the 10% (top right), 50% (bottom left) and 90% (bottom right) conditions. Spearman r values are notated for each condition.](brainsci-10-00283-g002){#brainsci-10-00283-f002}

![Neural responses before the reward feedback (at 0 ms). **A**: reward anticipation after having successfully completed an easy (red) or a hard (blue) task in six central surface electrodes. The time period of analysis of the SPN is presented in light green. **B**: topographic representation of the anticipation of an easy or a hard task in the time frame of the SPN. **C**: source localization of the difference between both conditions in the time frame of the SPN.](brainsci-10-00283-g003){#brainsci-10-00283-f003}

![Neural responses after the reward feedback (at 0 ms). (**A**) reward processing after a win (red) or a loss (blue) in six central surface electrodes. The time period of analysis of the P300 is presented in light green. (**B**) topographic representation of a win and a loss in the time frame of the P300. (**C**) source localization of the difference between both conditions in the time frame of the P300.](brainsci-10-00283-g004){#brainsci-10-00283-f004}
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###### 

Average number (±standard deviation) of wins and losses for the different probabilities of receiving the reward in the easy and hard tasks.

                 Easy Task    Hard Task                                          
  -------------- ------------ ------------ ------------ ----------- ------------ ------------
                 **10%**      **50%**      **90%**      **10%**     **50%**      **90%**
  **W** **in**   3.8 ± 0.5    10.6 ± 3.4   10.7 ± 3.0   0.2 ± 0.5   9.5 ± 3.4    25.4 ± 3.0
  **Loss**       32.6 ± 4.3   10.1 ± 3.8   1.3 ± 0.6    3.4 ± 4.3   10.0 ± 3.8   2.8 ± 0.6
